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The  research  described  in  this  report  constitutes  the  fifth  si-t 
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Aerospace  Research  Laboratories,  United  States  Air  Force.  The  research 
was  conducted  in  the  Turner  Laboratory  for  Electroceramics,  School  of 
Electrical  Engineering  and  School  of  Materials  Science  and  Metallurgical 
Engineering,  Purdue  University,  West  Lafayette,  Indiana  47907,  under  the 
direction  of  Professor  R.  W.  Vest.  Contributing  to  the  project  were 
Assistant  Professor  G.  L.  Fuller,  Mr.  D.  J.  Deputy,  Mr.  E.  M.  Miller, 

Mr.  A.  N.  Prabhu ,  Mr.  T.  R.  Raghunath,  Mr.  R.  L.  Reed,  and  Mr.  J.  L.  Wright. 
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Abstract 

Results  from  studies  of  the  resistance  of  RuO^glass  resistors 
during  firing  and  of  the  surface  tension  of  the  glass  are  presented,  and 
their  correlation  with  the  proposed  Model  for  microstructure  devalopemnt 
discussed.  Studies  of  the  removal  of  the  ethyl  cellulose  -  butyl 
carbitol  screening  agent  led  to  the  conclusion  that  the  last  traces  of 
organic  matherials  cannot  be  removed  below  500°C.  An  investigation  of 
the  drying  of  Ru02  •  xHjO  employing  DTA  and  TGA  techniques  is  discussed, 
and  a  procedure  described  for  preparing  auhydrous  Ru02  with  suitable 
particle  size  range. 
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I.  Introduction 

The  current  status  of  thick  film  technology  aa  applied  to  conductive 
and  resistive  formulations  is  largely  the  result  of  empirical  develop¬ 
ments.  The  development  of  new  materials  as  well  as  the  Improvement  of 
existing  systems  have  been  hindered  by  an  inadequate  understanding  of  the 
mechanisms  by  which  electric  charge  is  transported  In  thick  film  resistors 
and  conductors. 

One  of  the  factors  that  any  model  for  conduction  in  thick  film 
microcircuits  must  explain  is  the  fact  that  the  temperature  coefficient 
of  resistance  (TCR)  of  a  resistor  Is  much  lower  than  the  TCR  of  any  of 
the  Individual  Ingredients  from  which  It  was  made.  Several  possible 
approaches  to  explaining  this  “TRC  anomaly"  which  are  being  explored  In 
this  project  are: 

1.  Changes  In  contact  resistance  between  adjacent  particles 
due  to  thermal  stresses, 

2.  Changes  In  the  Intrinsic  properties  of  the  conductive  ma¬ 
terial  during  processing, 

3.  Formation  of  new  phases  which  contribute  to  the  conduction, 

A.  Size  effects  which  change  the  intrinsic  properties  of  the 

conductive, 

5.  Changes  In  the  geometry  factor  with  temperature. 

Published  work  concerning  these  possible  mechanisms  was  discussed 


in  the  first  report  on  this  pxoject  [1]. 


program  it  to  relate  the 
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The  primary  thrust  of  the  experimental 
«l«ccric.l  properties  of  the  thick  films  to  the  materi.l  propertie. 

•od  processing  condition,  through  .icrostrncture.  The  material.  proper- 
tie.  to  be  torre-sted  ere:  resistivity;  temperature  coefficient  of  re¬ 
sistivity;  coefficient  of  thensel  expsnsion;  interf.ci.l  energy;  particle 
shape,  site,  and  sire  dl.trlbntion;  and  chemical  reactivity  with  other 
constituents.  The  processing  condition,  to  be  correlated  are  time, 
temperature,  and  atmosphere  during  firing. 

The  specific  objectives  of  the  program  are: 

1.  Determine  the  dominant  sintering  mechanisms  responsible  for 
microstructure  development,  and  establish  the  relative  impor¬ 
tance  of  the  various  properties  of  the  ingredient  materials. 

2.  Determine  the  dominant  mechanisms  limiting  electrical  charge 
transport,  and  establish  the  relative  importance  of  the  vari¬ 
ous  pioperties  of  the  ingredient  materials. 


3.  Develop  phenomenological  models  to  inter-relate  the  various 
material  properties  with  system  performance. 

A  proposed  model  to  s.tl.fy  objective  1  ebove  was  presented  in  the 
previous  report  [2],  end  the  microstructure  development  studies  presented  in 
this  report  have  been  developed  to  test  the  various  aspects  of  the  model. 
Result,  obtsined  to  date  are  in  general  agreement  with  the  preditlon.  of 
the  model.  Several  sub-projects  pertaining  to  objective  2  have  been 
discussed  in  previous  reports  Tl.  2,  3,  4]  snd  work  is  continuing  .long 
several  lines,  but  .  discussion  of  these  results  will  „ot  be  presented 
until  the  next  seml-.nnu.l  report.  Studies  of  RuOj  power  preparation  and 

screening  agent  removal  discussed  in  this  report  wore  undertaken  in  order 
to  contribute  to  objective  3. 
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II*  Microstructure  Development  Studies 

A.  General 

Tht.  ph.se  „£  the  project  1.  concerned  with  e.c.bU.hlng  .  ectentiflc 

understanding  of  the  .ech.nl.™  of  .Icro.tructur.  foctlon  thet  exist 

during  the  firing  steps  of  manuf. during.  The  function  of  the  micro- 

structure  1.  the  most  Important  event  In  the  entire  thlck-fllm  process, 

end  establishing  de.lr.bl,  control  over  msnuf.cturlng  depends  upon  . 

proper  level  of  understsndlng.  *  model  for  the  sintering  process  developed 

in  en  e.rller  report  C2]  predict.  .  of  gl...  .meeting,  conductive 

netuork  faction,  end  fl„.l  dens, fiction.  Pert  of  the  v.lue  of  this 

model  1.  thet  1.  suggests  experiment,  thet  c.n  be  performed  to  test  It. 
validty. 

On,  set  of  experiments  Involve,  the  continuous  measurement  of 
re.lst.ne.  during  the  firing  of  guO,  -  gl...  thick  film  resistors.  The 
Intention,  of  these  studies  .re  four-fold:  (1)  to  determine  the  onset  of 
electrical  continuity  ..  .  function  of  temperature  et  v.rlou.  besting 
ret,,  for  correl.tlon  vlth  the  sintering  model:  (2)  to  the 

onset  of  electrical  continuity  ..  .  function  time  st  v.rlou.  temperature, 
for  correl.tlon  ,1th  the  sintering  model;  (J)  ,0  determine  the  resistance 
es  a  function  of  time  at  elev.ted  te.per.tures  In  order  to  study  the 
Proposed  ripening  process;  sod  (4)  to  prepsre  resistor,  et  knovn  st.g.s 

of  the  firing  process  for  sub.eguent  mlcro.tructur.l  lnve.tlg.tlon  by  SEM 
and  optical  techniques. 

The  do.ln.nt  sintering  mech.nlsm.  responsible  for  the  micro. tructure 
development  c.n  be  directly  studied  either  by  measuring  the  n.ckgrovth 
between  two  .dj.c.nt  particles  or  by  determining  the  ov.r.ll  s.mlnkege  .,  . 
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function  of  time  ana  temperature.  Since  thia  system  involves  a  major 
fraction  of  glass,  it  is  difficult  to  perform  shrinkage  measurements  at 
temperatures  much  beyond  the  softening  temperature  of  the  gl...;  therefore, 
only  neckgrowth  studies  are  suitable.  Most  previous  neckgrowth  studies 
of  sintering  phenomena  have  been  carried  out  by  quenching  from  elevated 
temperatures  with  subsequent  examination  by  metallography  tenchiques. 
However,  only  a  limited  picture  of  the  actual  changes  can  be  obtaineu  from 
such  room  temperature  observations,  end  hot  stage  microscopy  will  be 

employed  to  study  the  neckgrowth  between  spheres  as  a  function  of  time  and 
temperature. 

The  sintering  model  predict,  that  the  driving  force  for  conductive 
network  formation  is  directly  proportional  to  the  surface  tension  of  the 

It  is  therefore  essential  to  accurately  measure  the  surface  tension 
as  a  function  of  temperature  and  impurity  content.  These  studies  have 
been  initiated,  and  results  to  date  are  discussed. 

B.  Apparatus 

1.  Resistivity  During  Firing 

The  apparatus  used  for  electrically  monitoring  the  formation  of  resis¬ 
tors  during  firing  is  the  push  rod  furnace  described  earlier  H].  The 
resistance  and  temperature  measuring  system  used  with  the  furm.ce,  shown 
as  a  block  diagram  in  Figure  1,  ha.  been  modified  in  order  to  measure 
i^gher  values  of  resistance  encountered  in  firing  resistors  with  low 
concentration.  (5-10X)  of  Ru(>2.  The  current  in  the  sample  from  the  lOOOHr 
sinusoidal  source,  Vg,  is  limited  by  R#.  One  of  the  two  preamplifiers  and 
the  tuned  amplifier  sense  the  voltage  across  the  potential  terminals  of 
the  sample,  and  the  rectified,  quasi-dc,  voltage  drives  a  three  decade 
chart  recorder;  Rcl  and  Rc2  represent  lead  wire  resistance  and  the 
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resistance  o f  the  ...pi.  up  to  th.  pot.ntl.l  tsmlpuls.  ,our  t.r.t„.l 

«..ur.«„t.  th.  Usd  wlc.  res tstsncss  do  not  Influent,  th.  d.t.mln.tlon 
of  th.  r..f,.t.nc.  between  th.  pot.ntl.l  t.r.ln.1..  *,  .„d  for  ,.re.  ...t.-c, 
...pie.  ^  .„d  «CJ  negligible.  tvo  „y  k, 

u..d,  Ss.pl.  t..per.tur.  1.  d.t.mln.d  with  .  pl.tlnu.  •  pl.tlnu,  +  lot 
rhodlu.  the  cocouple  thee  ,.  p.rt  the  four  le.d.  to  th,  re.i.tor.  Th, 

he  thenel  «f  end  the  ..  re.l.t.nc,  .curing  volcge  .„ 

•nd  do  not  Influence  on.  enother.  Th,  .en.e  ..pllfl.r  for  re.l.t.nc, 
-.ure-nr.  1.  .ho™  in  gre.t.r  d.t.ll  In  pig„r.  2.  The  „„„ 

-pllfler,  consisting  of  op-«p.  *1.  Ah,  AS  .nd  AS  .nd  ...ocl.ted  ccponenr.. 
h..  been  — ««—  by  .ddlng  .  ...ond  Pr— pllfl.r.  for  h,gh 

•  «pl...  th.t  c.n  be  .ub.tltuted  for  the  lover  l.ped.nc.  pr— pllfl.r 
o.lng  Al.  Th.  new  pr— pllfl.r,  u.l„g  At  .nd  A3  with  junction  field  effect 
tr.n.l.tor  Input  et.ge.  .nd  the  10  Negoh.  fcdb.ck  .nd  Input  re.i.tor. 
of  th.  st.nd.rd  dlff.r.ntl.l  -pllfl.r  conf lgur.tlon,  he.  .  20  Hegoh. 

Input  l.ped.nc,  .t  th,  plu.  t.r.ln.1  .nd  .  volt.,.  g.l„  „f  n,  clretjlt 
consisting  of  A3,  ,100  pf.  .nd  two  flg.d  re.i.tor.  .nd  on.  pot.ntlo-t.r 
1.  .  st.nd.rd  w.rl.bl.  n.g.tlv.  cpeclt.nc.  circuit.  It.  purpo.e  1.  to 
c.ncel  th.  circuit  cp.clt.nc.  which  cn.l.t.  -.tip  of  c.bl.  c.peclt.nc.  fro. 
th.  —pi.  to  the  ..pllfl.r  l„p„t.  If  th.  tot.l  e.p.clt.nce  bece— . 
tlv.  th.  prcplifier  circuit  will  o.clll.te  .o  the  net  cp.clt.nc,  1. 

.djueted  to  +  15  pf.  The  re.ccnce  of  IS  pf  ,t  1000  Hr  1.  .bout  10  -goh-, 

•nd  ..  long  ..  Rj  1„  Figure  1  1.  1...  then  or  to  1  .eg oh.  thl. 

r**ct*nc*  "**llglble  error,  gy  con.lderlng  the  nonlnflnlt,  l.ned.nce 

of  th.  -..urlng  circuit  It  1.  poclbl,  to  -k,  re.l.t.nc.  -e.ure-nt. 
in  exceas  of  20  uegohau. 

The  v.lue  of  end  th.  cnltud,  of  vs  of  Figure  1  d«p,„d  on  th. 


teslatcac*  S«D«t  Aapllflcr 
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staple  resistance.  For  low  resistance  sa.pl*.  Vg  and  85  are  made  Urge 
•d  that  they  approximate  a  constant  current  source.  Under  these  condi¬ 
tions  the  deflection  of  the  chart  pen  is  directly  related  (proportionsl 
within  each  dec.de)  to  the  sample  resistance.  When  ...pi*  resistance, 
sre  very  large  during  some  portion  of  the  experiment  the  oscillator 
voltage  is  decreased  .0  that  the  pen  is  on-.c.le  for  an  infinite  sample 
resistance  and  Rj.  i.  then  selected  for  the  best  sensitivity  over  some 
rsnge  of  resistsnee.  Sample  resistance,  are  always  determined  by  comparing 
them  to  standard  resistors  rather  than  by  deteralng  V$  and  the  gain  of 
the  amplifier. 

2.  Surface  Tension 

Iti.  .urf.c.  ten. ion  of  th.  gl...  u.ed  ln  other  ph..e.  „f  th£,  proJect 
h..  been  measured  uith  .  modified  dipping  platinum  bylind.r  method  „,i„g 
.ppar.tua  .ho™  in  Figure  J.  *  pl.tlm.  cylind.r.0.5  inch.,  in 
di«.«r.  0.5  Inch  high,  .nd  0.005  inch.,  thick, 1.  -.pended  by  .  pl.tlno. 
h.ng  down  -ire  fro.  .utom.tlc  r.cording  *i„.„„rth  micro-b.l.nc.  to  b. 
d«.crib«d  l.tcr.  A  platinum  crucible,  H  inch.,  in  dlncc.r  .nd  14  inch.. 

1.  pUccd  on  .  ctrulc  .upport  .0  that  it  1.  entered  ln  .  tube 
fnrn.ee  th.t  c.n  be  r.Ued  or  louer.d  b,  of  .  Ubj.ck.  The  temper- 

•tur.  of  th.  gl...  l„  the  crucible  i.  mr.,„r.d  by  ,  chromel-.lu.el  thermo¬ 
couple  placed  ln  content  ulth  th.  bottom  of  th.  pl.tinum  crucible. 

3.  Heck  Crowth 

The  neckgrouth  betveen  .dj.cent  .pherlc.l  particle.  during  .lntering 
-111  be  ob.erved  vlth  th.  modified  met.llogr.ph  .hovn  in  Figure  4.  Ih. 
entire  optic.l  portion  of  th.  met.llogr.ph  h..  been  inverted  on  the 
floating  mount.  .0  th.t  the  ...pi.  c.n  be  he.t.d  in  .„  „p-tlght  po.it.on 
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replaced  b,  .  Son,  AUC-3200  black  and  white  video  camera.  A  vldfo 

camera  ia  used  to  monitor  a  digital  vnifmoi- 

digital  voltmeter  that  measures  the  sample 

thermocouple  emf  and  .  digital  clock.  A  So„y  special  effect,  unit  then 

•txe.  the  tuo  video  .lgn.1.  s0  thac  the  eBf  ^  ^  # 

corner  of  the  vl,„l„8  area.  AH  information  thu.  obtained  1.  recorded 

on  a  Sony  AV-3600  video  recorder  with  sr«n 

oraer  with  stop  frame  capability,  and  observed 

on  a  Conrac  SNA  television  monitor. 

Ihe  h°'  "**'  m  “hl'h  th'  -ill  be  heated  1.  a  umtron 

V‘CUU"  h'*ti"8  “*8'  •»*•■««»  ••  thovn  in  Figure  3.  It  con- 

■i.t.  of  water  tooled  upper  and  lower  portion,  con.tructed  of 

dteel  which  are  bolted  together  and  ...led  with  a  thick  rubber  g.aket 
that  allghtl,  aeparate.  the  two  portion.;  hole.  In  the  g.aket  provide 

feed-through,  for  th.rmoco.pl. . .  The  tung.ten  ribbon  electric  heater 
nor».lly  „..d  l„  thl.  unit  ...  been  -.placed  by  a  cyll„drlc.l  heater  conal.f 
in*  Of  10  mil  -  platinum  +  30*  rhodium  wire  wound  on  a  boron  nitride  cor. 
3/8"  in  dieter.  Thl.  heater  alt.  l„  the  lower  portion  of  the  hot  .tag. 
on  a  refactor,  b.ae  .„d  1.  ln.ul.ted  with  Plberfr.x  contained  l„  ,  i.rg.r 
refractor,  tube.  The  ...pi.  holder  1.  a  .mall  pl.tl_  ^  Ioc.„d  m 

fop  of  the  boron  nitride  core,  and  pl.tlnel  thermocouple  lead,  are  „..d  to 
record  the  .ample  temperature.  Another  pl.tlnel  thermocouple  1.  p„.itioned 
ih  the  center  of  the  boron  nitride  cor.  and  1.  „..d  to  control  the  temper¬ 
ed.  of  the  furnace.  Tle  alnt.rlng  experiment,  win  b,  carried  out 
under  both  laothe^al  and  con.t.nt  heating  r.t.  condition.  In  order  to 
quantitatively  test  the  sintering  model. 

Since  temperature,  a.  high  a.  900 °c  will  be  employ«d,  a  5  „n  thick 
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platinum  foil  heat  shield  with  a  0  S  rm 

wj.tn  a  u.),  cm  hole  covers  a  quart*  viewing 


window,  16  .  in  dl.*,„  and  i  „  In  thickness  ,hoBn  (n  plguM  y  g 


shutter  t.  required  between  the  quertt  window  end  the  specimen  to  ..old 


•ny  organic  material  or  ..ter  v.por  condensing  on  the  quertt  window  during 
the  inltlsl  hutting.  The  existing  shutter  mechanism  ha.  been  modified 


aud  now  consists  of  a  quartz  rlat#  ufrh  .  a  c  .  .  . 

q  ri4Ce  wtth  a  °*5  rr  viewing  hole  that  can  be 


adjusted  fro.  outside  the  hot  stage.  Th,  h..t  .hleld, 


dlst.nce  to  the  Semple  holder  require  .  dlstence  of  more  then  5.8  to. 


between  the  ...pie  .„d  th.  objective  «nd  the  st.nd.rd  Unltron  FF  «0x  objec¬ 


tive  with  .  working  distance  exactly  5.8  tt,  c.nnot  be  used.  Insteed.  . 
sp.cl.1  foc.l  length  lens,  Vickers  M-028041,  1.  being  used.  This  objective 


give.  .  working  distance  of  19  ,t  20x  .nd  permit.  th.  use  of  .  Coming 


water  cooled  Infr.r.d  filter  between  th,  quarts  viewing  w!nto  .ad  th. 


objective, 


C.  Experimental  Procedure 


1.  Resistivity  During  Firing 


The  studies  of  thick  film  resistor  firing  .re  being  conducted  with 
semple.  containing  from  5  to  101  RuOj  (95-901  glass).  This  r.ng,  1. 
being  used  bee. use;  (1)  it  1.  .  test  of  the  sintering  model.  If  the 
Ru02  powder  ...  uniformly  dispersed  1„  the  gl...  .t  these  low  concentra¬ 
tion.  the  resistor  would  not  be  electrically  conductive  b.c.us.  th, 
particle,  would  be  separated  fro.  on,  another  by  distance,  greater  than 
lwm.  Therefore,  th.  fact  that  a  continuous  conductive  network  1.  created 
during  firing  mean,  that  a  sintering  process  such  a.  ha.  been  proposed 
must  be  responsible  for  th.  observed  characteristics;  (2)  th.  resistance 
during  firing  is  typically  low  enough  for  easy  measurement  with  th. 


lie- 
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system  described  earlier;  (3)  resistors  with  this  concentration  have 
demonstrated  an  elaborate  set  o£  characteristics  (e.g.,  changing  resie- 
tance  and  T^R)  that  are  repeatable  In  sequence  although  the  rates  of 
change  are  dependent  on  firing  temperature.  Previous  experiments  with 
high  Ru02  concentrations  (40-5071)  and  low  resistance  values  were  affected 
by  firing  to  a  much  smaller  degree. 

The  resistor  Inks  used  for  these  samples  were  blended  on  the  three 
roll  mill  [31,  and  use  5W/0  ethyl  cellulose  and  butyl  carbltol  screening 
agent  discussed  earlier  [2].  All  samples  discussed  were  screened  on  a 
manual  machine,  but  future  samples  will  be  prepared  on  the  semi-automatic 
machine  so  that  more  quantitative  comparisons  can  be  made  among  samples  [4]. 
All  samples  were  dried  to  remove  the  screening  solvent  and  then  fired 
under  a  variety  of  time-temperature  conditions  with  continuous  or  continual 
uiiureaenti  of  resistance  and  temperature  as  discussed  below. 

2.  Surface  Tension 

The  surface  tension  of  the  glass  Is  measured  by  heating  several  grams 
of  glass  In  the  platinum  crucible  of  Figure  3  until  thermal  equilibrium 
Is  reached,  raising  the  crucible  and  furnace  with  the  lab  Jack  until  the 
bottom  edge  of  the  platinum  cylinder  Is  below  the  surface  of  the  glass, 
and  then  slowly  lowering  the  fvniace  to  form  a  mlniscua  of  glass  above 
the  melt.  The  downward  force  on  the  cylinder  caused  by  the  raised  glass 
is  recorded  on  a  chart  until  the  cylinder  breaks  away  frxa  the  glass.  The 
weight  of  the  cylinder  and  any  glass  retained  on  the  rim  of  the  cylinder 
are  substratced  from  the  terminal  force  before  breakaway  to  obtain  the 
force  required  for  the  surface  tension  measurement .  Two  glasses  have 
been  measured.  Preliminary  measurements  were  done  on  a  PbO-14-92X  S102 
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81...  in  order  to  verify  exp.ricnt.1  t.chnlgue  by  ccp.rl.cn  ,1th  pr.vlc.ly 
reported  vine,  for  S10,  8u..e.  [51.  Then.  mea.urement.  »er.  c.rrled  out 
with  the  l«.d  boro.lllc.t,  gl...  that  h..  been  u..d  In  other  experiment, 
(62.2X  FbO.  24.41  tj,y  12.31  S10,  l.OX  Al^,  0.6X  81^)  m. 

The  ..par. t  Ion  force,  determined  with  the  b.l.„ce  were  „.ed  to 
calculate  surfare  tension  values  from  the  equation 


Ch 


Y  4nR  -1  '  (2.8284  +  0.6095)  /TIR  +  (3  +  2.58  -  +  0.371  -) 

R  *  R'  hRJ 

which  can  be  simplified  to  [5] 


V--E-  a  -2.8284 C 

v  *"*  (1  aT^ 


♦  g  ♦  +  o.mc2  , 

R  hR  R/hR  +  y -  > 

R* 


where 


Y  "  Surface  tension  In  dynes/cm 


h  - 


"R2P  8 


%x 

ttr2p 


F  -  maximum  force  exerted  on  the  cylinder  •  g 


max 

2»  "  thickness  of  the  cylinder 

P  -  density  of  the  glass 

R  "  mean  radius  of  the  cylinder 

“Wx"  maxlBua  H«ll  (g«s)  exerted  on  the  cylinder 

The  high  temperature  d.n.lty  value,  of  the  Lad  boro.lllc.te  gl...  were 
determined  by  the  extrapolation  of  leer  temperature  expan.lon  data  [l], 

D.  Results 

1.  Resistivity  During  Firing 

About  forty  5-10X  RuO,  re.l.tor  .ample,  have  been  fired  with  concurrent 


»  V 
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ru.l.ttnce  and  temperature  mea.urenent.  u.ing  a  v.rlMy  „f  tlTC.tMlper,. 

tura  profile..  Mo.c  .ample,  are  not  worthy  of  Individual  di.eu.aion,  but 
taken  a.  a  group  they  have  indicated  to  .om,  degree  the  variation.  l„ 
time  and  temperature  that  re.ult  in  re.i.tor.  (electrically  conductive  .„d 
low  ICR  (e.g.  <  2  megohm.  <  ±  4C0  ppm/°c)  and  have  .hown  that  the 

firing  procea.  and  the  creation  of  a  conductive  network  ha.  certain 
repeatable  char.ct.rl.tic.  reg.rdle.a  of  other  minor  detail,.  Some  of 
the.,  ch.ract.rl.tic.  can  be  demon.tr.t.d  with  .ample  35.  fired  at  590*c 
for  550  hour..  The  ...pie  wa.  quenched  frequently  during  the  firing 
procedure  in  order  to  mea.ur.  room  temperature  re.l.t.nc.  and  TCR  t„ 
look  for  the  ch.racterl.tic  .ymptom.  of  network  fomation  dlccua.ed  below, 
kg  in  Figure  1  ...  ..t  to  1  megohm  and  the  o,cill.tor  ...  ,et  .0  that  the 
re.lat.nc.  chart  recorder  wa.  on  .calm  for  infinite  re.l.t.nc.  .ample. 
Under  the.,  condition,  the  accuracy  in  re.i.t.nce  i.  approximately  ±  5* 


for  a  .ample  re.l.t.nc,  of  s  lOOKn,  ±  «  at  1  megohm  ±  15l  .t  10  ^ 
Figure  6  .how.  the  approximate  room  temperature  (50°c)  re.i.t.nce 
versus  total  time  .t  590°C  and  clearly  .how.  the  formation  of  .  conductive 
network  between  30  and  100  hour.,  a  mini.*,  re.i.t.nce  of  300iCn  at  150 
hour.,  and  then  a  gradual  lucre...  in  re.i.t.nce  up  to  350  hour..  Figure 
7  .how.  that  the  hot  TCR  <5C°C  -  130°C)  throughout  thi.  period  wa. 
approximately  -  200  ppm/°c.  Between  330  hour,  and  1.30  hour.  .  aig„ific.„t 

change  -erred.  The  re.i.t.nce  decree...  by  a  factor  of  about  five  and 
the  TCR  Increased  to  a  positive  value. 

Figure  6  .1,0  .how.  the  re. lettuce  of  the  .ample  at  590°c.  Thi. 
temperature  i.  high  enough  for  the  re.i.t.nce  of  the  gl...  to  be  mea.ured 
With  the  measurement  .y.c,m;  it  1.  .pproxlmately  3  megohm,  a.  taken  from 
the  mea.ured  re.l.t.nc,  at  the  beginning  of  the  experiment.  The  re.i.tanc. 


Figure 


•t  590  C  — c.lly  decreased  by  .  £.ctor  of  four  ^  ^  ^ 

350  We.  At  temperatures  higher  than  5,0°c.  th.  r.ilit.„c.  of 

^  !l“‘  “  'V"  l0“"-  th*  Ch*"*‘  *"  «•*«««  during  the  period  „f 

firing  was  less  than  observed  at  lnu..  *. 

erved  at  lover  temper. tore,  and.  In  general,  th, 

resistance  at  high  temperature  cannot  0.  used  ..  indicator  oi  netvork 

iormatlon.  For  example,  the  two  re.i.t.nc.  gr.ph,  intersect  at  ahout 

hours  and  the  resistance  at  5«0°C  is  not  affected  by  the  room  tempera¬ 
ture  minimum  at  150  hours  nr  fk.  .  u 

hour,  or  the  subsequent  increa.e.  The  high  tempera- 

ture  resistance  for  times  +u.  <«.  . 

i»«.  greater  than  400  hour,  is  signif ,c.„tly  different; 

its  magnitude  la  lover  and  it  follova  the  room 

cue  room  temperature  resistance 

“ore  closely. 

Th0  resistance  versus  extended  temperature  changes  during  the 
iormatlon  of  the  conductive  network;  Figur,  g  .bo..  th.  ^ 

the  netvork  begin,  to  for.  the  gl...  furni.be.  the  only  conduction 
mechanism,  Probably  ionic.  This  1.  sbovn  l„  Figure  8.  .ft.r  20  hour,  „f 

firing  time  .her,  the  resistance,  during  both  heating  .„d  cooling  l„Cr,.., 

rapidly  at  lower  temperatures  af  9a  v.  _ 

turvs.  At  26  hour.  Figure  8b  ahov.  a  resistance 

versus  temperature  behavior  that  appe.r.  to  be  a.  characteristic  of 

vork  format  Ion  .a  .  decreasing  resistance  .assured  .t  roo»  temperature. 

Bvrlng  the  heating  portion  a  dip  i„  the  g-.ph  develop,  at  a  temperature 

•  Uttl.  .over  than  th.  softening  temperature  of  th.  gl..,.  Ut„,  „  „ 

l>~rs.  (Figure  8c),  vhen  room  temperature  resistance  measurement,  indicate 
that  the  netvork  i.  more  completely  developed,  the  dip  that  existed  at 
26  hour,  ha,  become  more  apparent  because  the  re.iat.nce  at  lover  temper- 
atures  1.  lover,  and  became,  a  .'bump'  has  formed  .t  a  .lightly  higher 
temperature.  Also,  at  thi.  .tag,  of  dev.lop^nt  ,  dip  „„  .pp..r.  d<iri„g 
f-h  cooling  period.  Still  l.ter  in  .-.a, .tor  fora,ci0„.  f„r 
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56  hours,  dips  an a  bumps  exist  in  both  the  hosting  and  cooling  profiles, 
but  they  are  always  aore  pronounced  in  the  heating  cycle.  Figure  8d 
does  not  emphasize  the  magnitude  of  the  dip  because  it  is  located  near 
the  zero  of  a  linear  axis.  Not  only  are  the  dip  and  buap  characteristic 
of  screen  printed  resistors,  they  have  also  been  observed  in  the  firing 
of  bulk  saaples  of  RuO,  and  glass  powder  ri],  and  ln  measurements  of  the 
contact  resistance  between  two  single  crystals  of  RuOj  in  the  presence  of 
glass  [3].  The  resistance  versus  temperature  for  times  greater  than  400 
hours  is  not  shown  in  Figure  8,  but  it  remains  essentially  constant  over 
all  temperatures  <  600°C,  changing  only  a  small  amount  corresponding  to 
a  temperature  coefficient  of  several  hundred  parts  per  million. 

Proper  correlation  of  the  proposed  sintering  model  to  the  behavior 
of  resistors  during  firing  will  require  further  study,  but  the  characteris¬ 
tics  of  sample  35  are  compatible  with  the  basic  model.  The  desrease  in 
resistance  during  the  first  150  hours  would  represent  the  colescence  and 
partial  sintering  of  the  RuOj  particles  initially  on  the  surface  of  glass 
spheres,  and  the  Increase  in  resistance  froai  150  to  350  hours  would 
represent  modifications  in  the  network  due  to  denslf lcatlon  or  to  the 
tetvald  ripening  process  during  which  interfacial  energies  cause  the  larger 
particles  of  Ru<>2  grow  as  the  smallest  are  disoclved.  If  the  RuOj  particles 
did  not  sinter  completely  during  the  first  350  hours,  at  lower  temperatures 
interfacial  forces  would  still  hold  the  RuO^  in  close  enough  contact  for 
conduction  (tunneling,  conducting  glass  nesr  the  psrticle,  actual  contact, 
etc.),  but  at  higher  temperatures  changes  in  interfacial  forces  and 
increased  thermal  energy  would  permit  a  small  but  criticcl  separation  of 
the  particles.  The  more  constant  \alues  of  lower  resistance  with  positive 
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values  of  TCR  at  times  beyond  350  hour*  are  conaiatent  with  a  alntered 

network  of  Ru02  particle.  that  ia  no  longer  influenced  by  the  condition 
of  the  glaaa  autrlx. 

It  had  been  anticipated  that  it  would  be  possible  to  occasionally 
quench  aaaplea  during  the  firing  proceaa  in  order  te  determine  the 
Information  auch  aa  ahown  in  Plgurea  6,  7  and  8  without  modifying  the 
mlcroatructure  development.  Presumably  the  quenching  would  freece.ll 
micro. true tural  unit,  in  place  and  reheating  would  .imply  allow  .  continua¬ 
tion  of  the  network  formation, especially  aincc  the  heating  and  cooling 
time,  can  be  made  .mall  co^>ar.d  to  total  firing  time  at  high  temperature. 
Figure  b,  with  non-rape.cable  behavior  on  heating  and  cooling  shows  that 
thl.  1.  not  the  caae.  It  ha.  al.o  been  oba.rved  on  a.v.r.l  occ.alon.  that 
changing  the  frequency  of  heating  and  cooling  cycle.,  for  example  fro. 
every  20  minute,  to  .very  30  minute,  of  high  temperature  firing,  influence, 
the  average  rate  at  which  the  network  forma.  Fortunately,  however,  the 
resulting  re.l.tor.  are  quite  aimil.r  even  though  varying  a*>unt.  of  total 
firing  were  required  to  form  the  re.l.tor.  Thua,  a  procedure  has  been 
developed  for  preparing  a  sequence  of  sample,  in  predictable  advancing 
states  of  development  for  ob.erv.tion  with  optical  micro.cope.  .nd  the 
scanning  electron  microscope  in  order  to  better  analyse  the  rormation  of 
the  df sired  mlcroatructure. 

2.  Surface  Tension 

The  aurf.ee  ten. ion  results  obtained  with  the  apparatus  of  Figure  3 

f°r  *  Pb°"U*’2X  Sl02  *U”  *r#  ,hovn  i"  Figure  9  along  with  previously 
reported  data  [51  for  t> o  glasses  having  composition,  on  either  side  of 
the  one  measured.  The  surface  tension  versus  temperature  follow.  .  typical 
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inear  form  and  is  seen  to  be  in  Rood  agreement  with  the  previously  reported 
results,  indicating  proper  measurement  technique. 

Th«  eurface  can. Ion  ot  th«  PbO-BjOj-SlOj  gl...  u.ed  for  relator 
fabrication  la  ahown  In  Figure  10  over  a  larger  temperature  range.  The 
magnitude  la  typical  of  that  prevloualy  reported  for  eimllar  gl.aaea  rsl. 

The  temperature  dependence  of  the  aurf.ee  ten.  Ion  1.  not  linear,  but  the 
change  -cent,  to  only  10X  over  the  temperature  range.  A  negative  tempera¬ 
ture  coefficient  of  aurf.ee  tenalon  had  been  prevloualy  reported  [51  for 
Pb0’B2°3  8l***es  having  50-80X  PbO. 

The  effecta  of  aurf.ee  tenalon  have  been  demonatrated  on  a  qualita¬ 
tive,  but  dramatic  level  during  the  re.l.tor  firing  experiment..  Several 
.maple.,  particular  tho.e  ,1th  51  RuOj  content  .hen  fired  to  high 
temperature  developed  a  character. tic  at  the  Interface  of  the  re.l.tor 
and  conductor  that  con.l.ted  of  a  notlc.bly  reduced  thlcknea.  and  reduced 
content  of  RuOj.  An  example  of  thl.  1.  aho™  In  Figure  11.  l„  .hlch  th. 
relative  lack  of  th,  dark  RuOj  1,  obvlou.  fro.  the  photomicrograph.  The 
reduced  thlcknea,  l.  apparent  from  direct  vl.ual  ob.erv.tlon  and  ... 


verified  .1th  a  proflllmeter.  Thl.  phenomena  produced  a  .ever,  problem 
bec.ua.  .maple,  .ould  appear  to  be  open  circuited  or  very  high  In  re.l.t.nce 
.hen  the  bulk  of  the  real.tor  ...  otherulae  normal.  The  depletion  of 
gl...  at  th.  Interface  could  ea.lly  be  explained  by  th,  prevloualy  obaerved 
affinity  of  the  conductor  pa.ee  for  the  gla„.  Thl.  can  be  aeen  In 
Figure  11.  .here  th,  gl..,  ha.  dlffuaed  much  farther  Into  the  conductive 
that  It  ha,  acroaa  th,  aurf.ee  of  the  aubatr.ee.  The  Initial  dlmcn.lon 


of  the  real.tor  can  be  aeen  by  the  black  are.  on  conductive;  the  RuO 
does  not  propagate  through  the  conductive. 
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the  reduced  ‘-ncentreclon  of  Ru02  the  lnterface  >|uit  ^  ^  w 

Pl’‘"”'n0n  of  81...  Into  ct.  conductive 

the  op^on...  f.  ch.n  c.n  be  expUlned  by  the  reduced 

ss  of  the  glass.  In  addition  to  platinum  the  primary  ingredient 
in  the  pest.  1.  .1,0,  m  .hlch  ect.  ..  .  flux  Co  u 

1.  •  tU..  ic™r  not  Present  1„  the  rc.l.cor  gl . d  could.  therefor. 

affect  the  properties  of  the  resistor  glass. 

fl8ute  lib  end  c  .ho.  th.  tff.cc  of  adding  gi^  t0  th,  o£  . 

resistor.  Th.  quantity  .dd.d  ...  not  .elghted  hot  It  ...  .  p.rtlcle 
-not  ...  ™  in  diameter .  Th.  large  d.rb  ....  th.  l.f,  edge  of 

resistor  (figure  lib)  sho..  .h.r.  th.  particle  ...  pUced.  t„e 
Siieeted  ,r..  l.  »och  larger  th.„  th.  Inltl.l  particle  .1...  Howev„ 
tb.  Influence  of  thl.  „l,  .mount  of  „j0,  „a.  tended  t0  _  ^ 
throughout  th.  entire  r..l.tor  ..  c.„  . . .  th.  r.dl.l  ..tern  of 

He  .ho.,  greater  d.t.il  1„  th.  darkened  .pot.  Although  „o,c  of  the 
resistor  1.  unlforuly  dens,  .t  thl.  oagnlf  leaden  the  effected  .re.  1. 
char.ct.rl..d  by  non-unlfom  aggl„«r.clon  of  the  RuOj. 

Subsequent  .orb  he.  sho™  thet  thl.  lnt.rf.ee  pile.  c.n  be  .voided 
if  the  conductive  1.  first  coet.d  .1th  RuO^gl...  fnk  ooncfnlng  SOT 

RuO  ,  but  the  catastrophic  effects  on  j 

P  ettects  on  the  conductive  network  from  a 

snrf.ee  ectlv.  eg.„t  .uch  „  g^j  heve  f.r-re.chlng  Impllcaclcatlon.. 

Quality  control  become.  noth  note  luportant  In  thet  chenge.  f„  i^,rity 

content  of  star ting  meterl.l,  or  .ub.tr.te.  previously  considered  unimportant 

”“y  be  *l8"‘flC,"t  lf  '»«  Impurities  ere  .urf.c.  ectlve. 
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3.  SEM  Studies 

St”“  'X*"">le“  of  re,Ucor  mlcrostructure  obt.lnej  „ith  th,  ,c.„nlng 
.Uccron  microscope  (SEM)  «r.  shown  in  Figure  12.  Ih.  real<tor,  „„ 

etched  with  Bel  to  remove  the  lesd  from  the  sorfece  of  the  glees  ss 
previously  described  4}.  The  glees  below  thesurfsceof  Che  photographs 
still  contains  lesd  sod  1.  therefore  opaque.  A.  with  the  optical  micro¬ 
graphs  discussed  In  the  preceding  report  r*].  a  microstructure  of  Inter¬ 
connected  loop.  „f  .i„rnr.d  RuO,  particle,  a,  predicted  by  the  sintering 
model  can  be  observed. 

Msny  of  the  loops  appear  to  be  unconnected  because  they  do  not  lie 
in  the  plane  of  the  photograph,  and  hence  part  of  them  is  obscured  by 
the  opaque,  lead  containing  glass.  The  smallest  particle.  (  0.1*)  show 

the  greatest  degree  of  sintering  «.  predicted  from  the  rate  equations. 


a.  3000x 


Figure  12.  Scanning  Electron  Micrographs  of  Etched  Resistors 


ill.  Screening  Agent  Removal 

A.  General 

Screening  agents  are  organic  liquids  blended  with  the  glass  and  other 
inorganic  powders  so  that  the  resulting  formulation  or  ink  will  have  the 
proper  rheological  characteristics  to  be  deposited  onto  the  substrate  in 
the  desired  patterns.  Screening  agents  usually  consist  of  at  least  a 
polymer  dissolved  in  a  solvent  so  that  the  films  can  be  dried  to  be 
mechanically  durable.  Presumably  after  deposition  all  of  the  organics 
are  removed  by  evaporation,  decomposition,  etc.  However,  to  say  that  the 
screenings  agent's  only  contribution  to  the  manufacturing  process  is  to 
facilitate  printing  is,  in  general,  an  oversimplification  because  bhe 
polymer  may  not  have  been  completely  removed  at  temperatures  where  the 
61888  begin*  to  sinter  and/or  the  polymer  must  leave  by  a  decomposition 
process  that  may  require  oxygen.  It  is  easy  to  invision  conditions  in 
which  some  of  the  oxygen  required  for  the  decomposition  reaction  would 
come  from  inorganic  compounds  in  the  film  thereby  changing  the  composition 
of  the  f -ln>.  It  is  possible  that  some  commercial  thick  film  inks  are 
characterized  by  these  forms  of  non-ideality  and,  in  fact,  were  developed 
to  be  optimum  in  performance  when  the  screening  agent  does  interact  with 
tne  inorganic  materials  during  firing.  That  would  explain  why  best 
results  are  sometimes  obtained  when  the  kilns  are  fumed  to  some  degree; 
chat  is,  the  atmosphere  is  purposely  contaminated  with  organic  vapors  to 
reduce  the  oxygen  partial  pressure  at  the  surface  of  the  film  being  fired. 
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Because  of  the  chemical  complexity  of  commercial  screening  agents 
and  the  lack  of  available  information  concerning  their  precise  chemical 
composition,  a  chemically  simple  screening  agent  was  developed  for  this 
work.  It  consists  of  5W/o,  N-300  ecfcyl  cellulose  dissolved  in  butyl 
carbltol,  and  has  been  demonstrated  as  being  adequate  in  printing  and 
drying  performance.  The  purpose  of  this  work  is  to  more  quantitatively 
describe  the  drying  procedure  and  removal  of  the  ethyl  cellulose  in  order 
to  establish  trying  procedures  which  guarentce  that  no  organic  materials 
remain  in  the  films  during  firing. 

B.  Apparatus 

In  order  to  determine  the  rate  of  organic  removal,  a  double  pan  TGA 
ajf  em  was  constructed  that  enables  accurate,  simultaneous  measurements 
of  both  sample  wieght  and  temperature.  The  basic  system,  show,  in 
Figure  13,  consists  of  two  Identical  pans  symmetrically  located  in  a 
furnace.  The  sample  pan  is  attached  to  an  automatic,  recording  Ainsworth 
microbalance  which,  with  the  sample  suspended  in  air,  has  an  accuracy  and 
resolution  capability  of  about  50  ^g  and  an  automatic  range  of  100  mg. 

All  weight  changes  are  detected  by  a  linear  variable  differential  trans¬ 
former  (LVDT) ,  and  recorded  as  a  function  of  time.  The  second  pan  is 
rigidly  attached  at  the  same  height  as  the  sample  pan  and  a  small  thermo¬ 
couple  is  located  adjacent  to  the  duplicate  sample  to  determine  the 
temperature  of  the  sample  on  the  balance  pan.  Previous  tests  with  various 
sampien  and  heating  rates  have  shown  temperature  agreement  between  the 
two  pans  to  be  within  4  C.  A  thermocouple  cannot  be  used  on  the  balance 

t 

pan  during  weight  measurements  because  the  stiffness  of  the  thermocouple 
leads  from  the  crucible  or  hangdown  wire  to  the  walls  of  the  system  would 
cause  unacceptable  errors  in  weight  measurements. 
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Figure  13 

Theraog rev iae trie  Analysis  Apparatus 


c.  Procedure 

The  no.t  —  ningful  for.  of  weight  loe.  experiment  would  be  with 
fllM  eereen  printed  onto  eubetretee.  However.  It  1.  not  poe.lble  to 
meaeure  th.  removal  of  the  lest  few  percent  of  acr.enlng  .g,„t,  th. 
quantity  that  1.  of  gre.te.t  Intereet.  Con.equently,  all  weight  loe. 
me.aurement.  were  carried  out  with  approximately  40  mg  „f  fon.ul.tlon 
in  —11  crucible..  7  mm  ID  and  approximately  10  «  high.  The  material. 
Investigated  by  TO*  were:  (1)  butyl  c.rbltol  aolv.nt;  (2)  th.  acre.nlng 
•gent;  and  (3)  acr.enlug  agent  piu,  40v/o  glee,  powder  (the  Inorganic 
content  of  all  printing  ink.  „..d  l„  other  experiment.).  Evaporation 
ueaaurements  were  made  under  both  l.othermal  and  conatant  heating  rate 
condition.,  .nd  1„  the  caae  of  liquid  ...pie.,  (1)  ,„d  (2)  u  <M 

poe.lble  to  deteralne  evaporation  ratea  par  unit  aurf.ce  area. 


D.  Results 

Evaporation  atudlea  were  begun  with  the  vol.till.ation  of  the  aolvent 
Por  .  liquid  1„  equilibrium  with  the  g.a  phaae  the  kinetic  theory  of  ga.ea 
gives  the  evaporation  of  the  liquid  as 


^2nRT^  8®/ci 


sec 


(1) 


vher.  P  1.  the  vapor  pre.aurc  and  M  1.  the  molecular  weight  of  the  g.a. 
The  Claus lua  -  Claperon  equation  relating  vapor  pre.aure  and  temperature 


d  In  P 
dT 


where  L  is  the  latent  heat  of 


vaporization,  can  be  integrated  to 
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P  -  Ac 


•l/rt 


(3) 

Wh*”  *  U  th'  »f  integration.  Sub.tltutmg  E,„.ti„„  (3)  tnto 

Equation  (1)  gives 


A«-L/*T  (-M-}  l/2 
V2ttRT;  1/2 


which  can  be  rearranged  into  the  f*r« 


(A) 


In  (uT  *) 


S  -  ^ 

RT 


*  4  ln  <  to  > 


(5) 


‘°7  graphical  -atar.ln.tion  o£  th.  Co„.t.„t.  L  .„d  A.  .  o£  u 
0*T  ,  ..ran.  1/T  .honl-  b.  .  atr.lght  lln.  .  .i0p.  „t  -UP 

lnt.rc.pt  of  2nR  .  Figure  M  .ho.,  th.  <.oth.n»l  evaporation  rat.,  of 
butyl  rarbltol  at  con., ant  t«p.r.t„r.  plot.-  tha  font  of 

(5)  for  e**p.r»tur.a  lo.  .nough  for  .gulllbrlu. 

•nd  It  can  b.  ..an  that  th.  aolv.n,  .vapor.,..  l„  ,h.  pr.dlct.d 
Howavar,  oth.r  —ur.-nt.  h.v.  ahovn  that  i„  th.  pr...„c.  of  ethy[ 
cclluloac  and  g,...  th.  evaporation  of  th.  .olv,nt  „oc  ^  ^ 

relationship  of  equation  5. 

Figure  15.  ahov,  th.  reclprlcal  of  th.  evaporation  rat.  of  th.  aolv.n, 
onatant  temperature.,  versus  percent  of  solvent  regaining,  ^  ,hovs 

th*t  th‘  “  C°0,t“t  th«  »».  Percent  vh.n  th.  .urf.ce  .... 

In  an  ,d..l  ...potation  . . olutlon  of  .,h,l  c.lluloa. 

.r-  aolvent  ahoUd  ...por.t.  at  .  .onatant  t.t,  t„.  .0l„„t 

until  °nly  .thy,  c.lluloa.  r.aaln..  i„  thl.  .....  ^ 

15  ,h°"  th>t  P"‘""  »£  th'  c.lluloa.  d.cr.a...  th.  .vapor.- 

cton  rat.  (th.  graph  .hov,  th.  r.clpric.1,  .ap.cl.Uy  at  lover  aolv.n, 


Figure  14 


Loth.™.!  tv.por.tlor,  Ut.  of  htyl  Corbl.ol  vor.u. 
Reciprocal  Tiaptriturt 


WEIGHT  LOSS, MINUTES/MILLIGRAM 


100 


O  BUTYL  CARBITOL  SOLVENT 

O  SCREENING  AGENT 

□  SCREENING  AGENT  PLUS 
40%  GLASS 


PERCENT  OF  SCREENING  AGENT  EVAPORATED 


Plgura  15 

Iaotharaal  Evaporation  bit  of  Scraanlng  Agant 


COnt,nt*‘  m‘  CW':"8  '°“ld  »*  d“‘  to  .  uniform  .olutlon  ttat  u 

"°t  Uk'ly'  “  *  **  ™  l.y.r  of  ethyl  cellulose  th>t 

1*P*"*‘  the  V*‘,0rlZ‘““'-  Ih*  of  gl...  . . .  ,r.„€r 

0ff.cc  oo  ov.poy.cfon  cc;  the  race  begin.  t„  deer . . 

when  50Z  of  the  eolvent  has  evaporated. 

Because  of  the  dependence  of  evaporation  r.c.,  „„  comp„.lcl„„  „£  gfc> 

formulation  ft  1.  not  po.albl.  to  fit  the  data  to  .  .f.pl.  ch.orecic.l 
.xpc.fon  .ucn  ..  F, vac  Ion  (5),  ,„d  .  det.Iled>  ^  ^ 

vaporlsacicn  Phen<~„o„  f.  beyond  th.  ,cop.  of  ^  TW„fo„_ 

1C  «.  decided  to  .dope  .n  e.p.rlc.1  approach  t„  the  development  of 
optl*.  drying  procedure..  To  chi.  end,  .  .„p..  o£  .cr..nlog  .g„t  ^ 

«0  /o  gl...  ...  ryed  .t  .  con.t.nt  heating  r.te  of  9°C/.ln;  the  re.ult. 

•re  .hown  in  Figure  16.  The  weight  Indicated  1.  toe.  .„p.e  w.lght 

Including  gl...,  At  thl.  he.tlng  r.te  It  c.„  b.  ...„  thet  the  .olv.nt  begin, 
evaporating  ,ulckly  .t  above  150°C  and  evaporate,  at  a  nearly  con.tant 
rat.  tro.  about  lbO°c  to  220°C.  The  weight  chenge  from  r  '°C  to  340°C 
ropcent.  the  loa.  „f  the  ethyl  cellule...  Thl.  o£  e£hyl  cellul... 

Bo.  Been  .tudled  more  carefully  to  determine  the  rat.  of  ,o„.  por  the 
•o-Plo.  of  gl...  and  .creenlng  .g.nt  uied  £or  ,u  ^  „perl„nt.  th. 
rot.  Increased  fro.  about  25  u  gra./.ln  .t  2S0°C  to  about  20*  gram/„.„ 

Of  300 °C.  Thu.,  at  300«C  all  mea.ur.bl.  ,„.ntltle.  of  .thy.  c.„ulo..  c.n 

be  removed  .ev.r.l  „l„„t...  Unfortunately,  ob.erv.tlon  of  th. 

dried  aaaples  shows  that  trace  amounts  of  res  id..*  f 

ounts  or  residue  from  the  ethyl  cellulose 

exl.f  even  after  very  long  drying,  at  300°c.  Temper.ture.  in  ,xc..,  o£ 

300  C  are  retired  to  re-ove  the  l..t  trace,  of  organic  re.ldue,  hut  the 
Si...  .meeting  1.  more  rapid  than  the  organic  remova,  .t  500°C  and  above. 
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Therefore,  although  the  ethyl  cellulose  forms  a  screening  agent  that  is 
adequate  with  respecc  to  its  rhyological  characteristics  it  will  yield 
the  situation  where  some  organic  material  will  be  present  after  the  glass 
has  flowed;  the  effect  on  re  istor  performance  is  not  known. 
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IV  Ru02  Powder 

A.  General 

A1 chough  Chick  film  resistors  have  been  made  with  ruthenuu  added  by 
metal  reslnatea  and  ion  implantation,  all  resistor  samples  in  this  program 
are  made  with  RuO^  powder.  The  powder  can  be  made  by  oxidizing  ruthenum 
metal,  but  this  requires  a  long  time  at  high  temperature  (e.g.  2  days  at 
1000°C  Til),  and  the  resulting  particle  size  is  larger  than  that  obtained 
by  other  methods.  The  more  desirable  method  for  shorter  preparation  times 
and  smaller  particle  sizes  is  to  precipitate  a  hydrated  oxide  of  small 
particle  size  from  asoluable  salts,  and  then  dehydrate  tc  form  the  oxide. 

The  general  technique, with  specific  examples,  has  been  discussed  by  Angus 
and  Gainsbury  [61.  They  report  preparation  of  the  hydrates  by  precipitating 
solutions  of  ruthenium  chloride,  sodium  xutheaate,  and  ruthenium  tetroxlde 
with  sodium  hydroxide,  methyl  alcohol,  and  hydrogen  peroxide,  respectively. 
They  also  report  that  the  temperature  of  dehydration  affects  the  particle 
size  of  the  oxide,  and  that  the  particle  size  of  the  oxide  in  turn  affects 
the  resistivity  and  TCR  of  thick  film  resistors.  Heating  the  hydrate  for 
one  hour  at  500°C  resulted  in  approximately  0.3pm  particles  of  oxide 
whereas  heating  for  che  same  time  at  800°C  resulted  in  1.5pm  particles. 

This  comparison  is  typical  and  is  due  to  increased  grain  growth  at  higher 
temperature#;  the  driving  mechanism  is  a  reduction  in  surface  area.  The 
extect  of  the  smaller  particle  size  on  the  properties  of  the  resistor  was 
to  decrease  both  TCR  and  current  noise  although  the  resistivity  was 
unaffected.  The  properties  of  reslsotrs  should  be  influenced  by  the 
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particle  size  of  the  conductive  ingredient  because  of  its  influence  cm  the 
development  of  the  conductive  network  as  explained  by  proposed  sintering 
model.  In  this  case  the  lower  TCR  could  be  due  to  the  increased  scattering 
associated  with  the  smaller  particles.  Because  of  these  types  of 
interdependencies  it  is  important  to  adequately  characterize  the  particle 
® and  particle  size  distribution  and  to  hold  these  parameters  constant 
by  standardizing  the  method  of  preparation. 

B.  Experimental  Procedure 

Since  ruthenium  dioxide  hydrate  (Ru02  .  xH20)  is  coranercially  avail¬ 
able,  quantities  were  obtained  from  both  EngJehard  and  Mathey  Bishop  for 
dehydration  to  usable  oxide.  The  dehydration  is  exotheoic  to  the  extent 
that  care  must  be  exercised  in  order  to  avoid  a  spontaneious  reaction. 

To  plan  an  appropriate  dehydration  procedure  and  to  better  characterize 
the  hydrate,  both  DTA  and  TGA  measurements  were  made  during  heating. 
Qualitative  DTA  results  were  obtained  with  a  laboratory  assembled  instru¬ 
ment  of  standard  design,  end  TGA  measurements  used  the  system  of  Figure  13. 
In  addition  to  these  measurements  an  electron  spectroscopic  chemical 
analysis  (ESCA)  was  done  on  the  surface  and  a  limited  number  of  resistors 
have  been  prepared  using  the  dried  Ru02> 

C.  Results 

The  qualitative  DTA  results.  Figure  17,  ahows  that  the  two  hydrates 
are  quite  different  from  ot.o  another,  probably  due  to  different  starting 
materials  and  processing  conditions.  The  single  peak  at  230°C  obtained 
with  the  Englehard  hydrate  and  the  double  peaks  at  186°C  and  285°C  with 
the  Mathey  Bishop  hydrate  could  represent  water  loss;  this  would  be 
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tyPlC*1  °£  d'h>'dr-“'"-  cne  pacteros  are  of  different  form  ind 

tha  peak  for  th.  Fngl.hard  material  la  much  l.rgar,  tha  ...U.r  paaka 
obtained  with  th.  Mathay  al.ho?  hyd„ce  ....  co  b.  conul„.dln  ^ 

peak.  Tha  exothermic  paak  at  *U*C  obtain.*  with  tha  Englehard  material 
1.  uncoaaaonly  high  in  temperature  for  dehydration.  Thia  peak  may  b,  du. 
to  tha  oxidation  of  carbon  ainc.  chemical  an.ly.i.  revealed  about  2“/o 
carbon  in  tha  hydrate.  Tha  origin  of  tha  carbon  i.  not  known,  but  to  b. 
preaent  in  auch  large  guantltie.  it  would  have  to  hav,  bean  introduced 
in  proca.alng,  f„r  example  from  c ha. la, chad  alcohol.  Tha  IGA 
meaaurementa  on  E„gl,h.rd  hydrate.  Figure  18  „„t  aon.i.tant  with 

nor*.!  dehydr"10'’  01  «“•>  “T*  reaulta  ain«  they  ,ho»  a  „e.rly 

conatant  rat.  of  waight  loaa  throughout  tha  aa«  ta.par.tur.  rang,  .tudi.d 
by  rat.  Although  thar.  ara  region,  of  change  .lope  f„  ,u 

rata,  they  do  not  corr.apond  to  tha  peak,  and  valley,  of  tha  DTA  graph. 
Aaaumlng  that  all  of  tha  waight  loaa  1.  Fig„r.  ig  d„.  t„  „.t«r,  the 

chemical  fonm,l.  of  the  hydrate  would  had  to  have  been  RuO.,  •  2.1  ly,. 

Th.  TGA  meaauramenta  do  .how  that  ad.guat.  drying  condition.  muat  b.  ua.d 
for  complete  water  removal.  howavar.  Only  the  a  Iowa, t  heating  rata.  l*c/mi„. 
...  aufficiant  to  achlava  cm.pl.ta  w.t.r  removal  with  a  maximum  te.par.ture 
of  500 °C.  At  the  more  r.ild  heating  r.t.a  weight  loaa  i,  continuing  at 
500“c  and  additional  time  at  high  t.mpar.tur.  would  b.  re, wired  f„r  complete 
water  removal,  since  TGA  ma..„r.»e„ta  during  dehydration  that  have  been 
reported  for  other  hydrate  oxide,  ahow  a  rapid  weight  l0a.  i„  the  tempera¬ 
ture  rang,  corr.aponding  to  an  exotherm,  tha  re.ulr.  de.crlhed  hare  are 
difficult  to  interpret.  It  ha.  been  propo.ad  r?1  that  Ru02  .  xH  0  i,  not 
actually  .  hyda.ta  but  rather  vary  a„ll  particle,  of  oxlda  with  cha.i.orbed 
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water  on  the  surface.  This  could  explain  the  TGA  result,  but  not  the  DTA, 

urther  work  will  be  required  for  a  more  complete  understanding. 

Based  primarily  on  the  DTA  results  a 

ia  results  a  procedure  was  established  for 

drying  the  Englehard  hydrate  in  a  8tas  ,  K 

^  4  #tandard  laboratory  oven.  The  tempera¬ 

ture  is  increased  every  half-hour  as  follows: 


Time  - 
(hrs) 


Temp  “ 
(°C) 


1/2 

1 

1  1/2 
2 

2  1/2 
3 

3  1/2 

4 

4  1/2 

5 

5  1/2 

6 

6  1/2 
7 

7  1/2 

8 


80 

95 

115 

120 

125 

130 

136 

150 

164 

180 

200 

230 

280 

330 

360 

400 


The  majority  of  individual  Ru02 
schedule  were  in  the  0.1  -  l.c^m  size 
electron  micrographs,  Figure  19. 


particles  resulting  from  this  drying 
range  as  shown  in  the  scanning 


To  verify  rh.t  the  oxide  ...  .olcble  £or  rMl.tor.  ,  ,mU 
or  reel. cor  Ink  ...  pr.p.red,  .creen  printed  ,„d  fired  «  850°c  for  10 
"lout...  The  ,8  Wo  Ru02  (82  8l...)  r..i.cor.  ..re  .pproxlMe.ly 


a.  Mathey  Bishop,  10,000x 


Figure  19.  Scanning  Electron  Micrograph  of  Ru02  Pcvder 
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276  a/q  and  the  TCR  was  about  +400  ppm/°C.  Although  the  TCR  is  higher 
than  des treble  overell  performance  seems  adequate  considering  the 
arbitrary  choice  of  firing  procedure. 
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V.  -uwoary  and  Pucure  Plana 

The  studies  of  micros true  Cure  development  have  yielded  re.ult.  In 
agreement  with  the  predictions  of  the  sequential  sintering  model,  but 
quantacive  correlations  await  future  work. 

Studies  of  screening  agent  removal  uncovered  a  potential  problem 
•rea  in  that  the  last  traces  of  organic  materials  are  not  removed  at 
temperatures  below  those  at  which  the  glass  flows.  Hew  screening  agent 
cysteas  will  be  investigated  to  overcome  this  problem. 

Studies  of  the  drying  of  ruthenium  dioxide  hydrate  have  resulted 
im  som  unexpected  results,  but  an  e.perical  procedure  ha.  been  developed 
to  produce  anhydrous  Ru02  in  .he  desired  particle  size  range. 

Other  studies  to  be  continued  or  initiated  during  the  coming  period 
Include : 

1.  Sintering 

The  micros  true  cure  development  during  thick  film  resistor  firing 
which  leads  to  the  formation  of  the  physically  continuous  network  of 
Che  conductive  phase  1.  being  studied  by  hot  stage  microscopy.  The 
expecteo  sintering  mechanisms  responsible  for  the  microstructure  develop¬ 
ment  have  been  discussed  in  detail  in  a  previous  report.  The  general 
expression  for  the  time  dependence  of  the  neckgrovth  for  the  initial  stage 
sintering  of  two  spherical  particles  of  radius  a  can  be  given  by  ^  -  Kt, 
where  x  is  the  radius  of  the  neck  at  time  c,  and  K  is  a  constant  for  the 
particular  system  at  any  given  temperature. 

The  values  of  m  and  n  for  the  different  sintering  mechanisms  can  be 


summarized  as  follows. 


*•  Clads  sintering 

Newtonian  viscous  f.ow 

b.  Conductive  6. near 

i)  Voiuaie  diffusion 
ii)  Surface  diffusion 
ill)  Grain  boundary  oi. fusion 

iv)  Solution-precipitation 


?  1 

5  2 

7  3 

6  2 


(*)  No  Shrinkage 
(t>/  Shrinkage  present. 

1)  R*t.  -- -1:1ns  itt,  l,  tht  dlffualon  6  2 

flux  out  of  the  circular  cootact 

U>  fjf*!, ‘“’““‘•O'  reaction  leading  to  4  , 

aolutlon  1.  the  rate  lulling  itap. 

For  -inuring  atudla.  apnerlca.  panic,.,  of  .1,,  rang.  5„.10(u  Uiu 

3U"  ,P,,'r“  “*  P—f"S  the  glaaa  panlcla. 

through  the  furnace  -Int.ln.d  .t  1200<>C  and  th.  .pb.r..  by  of 

•n  air  grinder  fro.  th.  RuO,  am,,,  cryatala.  the  grouth  of  th.  „,c 

between  powder  particle,  will  be  follow.d  contlnuou.ly  at  ta.per.tur.  by 

employing  a  t.leui.ion  cuere.  a  tap.  r.corder  and  a  .onttor.  Tlu  and 

temperature  will  ai.o  b,  recorded  al^lt.n.ou.ly  by  of  . 

televlalon  ca«r,  and  .  .poet.!  .ff.ct.  gener,tor. 

important  propertied  of  th,  gl...  .ff.ctmg  th.  klB€tle,  #f 
sintering  are  vl.oclty,  aurf.ee  ten. ion.  .„d  ,t.  wettability  to  R„o  . 

It  ■«.  been  found  that  toe  g.a.a  al«,.c  ccpl.t.ly  wet.  the  .  L 
high  te.per.tur.  eurf.ee  tendon  a„o  vl.oclty  are  being  .tudled^by  the 
"dipping  cylinder  method"  .„d  the  ".pher,  «thod"  re.tectlv,ly. 

The  neck  growth  data  obtained  b-  .nterlng  0f  gU..  „„ 

wed  to  verify  that  Newtonian  vl.cou.  flow  1.  the  d^lnant  u 
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the  glass  sintering.  Pro*  the  slope  of  the  plot  of  versus  t  and 
using  the  experimentally  determines  values  of  the  surface  tension  the 
viscosity  of  the  glass  at  that  temperature  can  be  determined.  This  value 
of  vlscoclty  of  the  &la£«  can  ae  compared  with  the  vlscoclty  value 

determined  from  the  “sphere  method".  Prom  the  neckgrowth  data  obtained 

a 

for  the  conductive  sintering.  plots  of  —  versus  t  can  be  obtained  for 

n 

a 

different  values  of  m  and  n  ana  the  appropriate  sintering  mechanisms  can 
be  determined.  Prom  the  slopes  of  the  above  plots,  the  material  properties, 
e.g.  diffusion  coefficients,  contained  in  the  constant  K  can  be  determined. 
Sintering  experiments  wlii  also  be  carried  out  using  Ru(>2  spheres  of  different 
particle  sizes  in  order  to  examine  the  process  of  Ostvald  ripening  which. 

It  Is  postulated,  leads  co  the  discontinuity  In  the  conductive  network. 

After  the  kinetic  expressions  for  the  Isothermal  sintering  processes 
have  been  obtained,  the  sintering  experiments  will  be  carried  out  on 
continuous  heating  employing  linear  heating  rates,  and  the  kinetic 
expressions  will  be  appropriately  modified.  From  the  known  values  of  the 
surface  tension  and  vlscoclcy  of  the  glass  and  solubility  of  Ru02  in  the 
glass  at  different  temperatures  It  should  be  possible  to  assess  the  effect 
of  these  variables  on  the  kinetic*  of  sintering. 

2.  Electrical  Properties  of  cne  RuO  -Glass  Interface  Region 
Even  though  results  reported  previously  indicate  that  the  elec¬ 
trical  properties  of  small  particle  size  Ru02  are  significantly  dif¬ 
ferent  from  those  or  massive  single  crystal  RuC>2,  the  differences  are 
not  great  enough  to  explain  the  nearly-zero  and  sometimes  negative  TCR 
observed  with  thick  film  Ru02  resistors.  This  phenomenon  must  be  due  to 
an  additional  effect  resulting  from  the  presence  of  the  glass.  In  order 
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to  better  cher.cterlre  the  "contact”  resistance  between  adjacent  region, 
of  Rii02  In  the  gl.ee,  .ingi.  cry.t.l.  of  Ru<>2  will  be  precoated  with 
gl...  In  varying  thlckne.ee.  and  .ult.ble  counter  electrode,  applied. 
Current-voltage  measurement.  and  capacitance  -ea.ur.nent.  a.  a  function 
of  blaa  voltage  .ill  be  made  l„  order  to  deterWn,  the  nech.nl...  of 
charge  transport  through  the  glass  films. 


3.  Particle  £ize  Sffecta  on  the  Resistivity  of  RUQ 
Prevlou.  atudle.  on  thl.  project  Indicate  that  the  apparent  electri¬ 
cal  propertle.  of  .Mil  particle  .Ire  (50-10oX)  ru(>2  differ  fro.  that 
of  the  bulk.  .Ingle  cry.t.l  value.;  the  electrical  re.l.tlvlty  may  be 
greater  by  a  factor  of  about  three  and  the  TCR  lower  by  about  the 
factor*  A  possible  explanation  for  the.e  phenoaen.  1.  that  the  .nattering 
conduction  electrons  1.  Increased  due  to  Increased  crystal  defects. 
Thl.  Increased  .nattering  would  lucre...  the  resistivity  and,  .Ince  defect 
.nattering  ha.  a  ...ller  te.per.ture  dependence  than  phonon  .nattering, 
the  ICR  would  be  lower.  The  Increa.ed  .nattering  at  the  surface  would  be 
■or.  influential  with  .au.ll  particle,  and,  .ince  the  ...Her  particle,  are 


prepared  at  lower  te.per.ture,  there  may  be  a  higher  degree  of  cry.t.l 
disorder  throughout  their  voluav.  Thu.,  the  indic.tlon.  that  the 
electrical  propertle.  of  ...11  .1..  powder  are  different  fro.  thoae  of 

bulk  Single  cry.t.l  are  not  lncomiatent  with  theoretical  propertle. 
of  materials. 

The  procedure  for  detemlnlng  the  re.l.tlvlty  of  the  powder  will  be 
to  uniformly  dl.per.e  the  powder  In  a  proper  matrix,  mea.ure  the  re.l.¬ 
tlvlty  of  the  composite,  and  apply  the  proper  .Ixlng  rule..  A  review  of 
hetrogeneous  .Icro.tructure.  and  the  ...ocl.ted  .Ixlng  rule.  .how.  that 
for  maxlaxim  .en.ltlvlty  to  the  re.l.tlvlty  of  the  di,p«r.ed  phase  (RuOj), 
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the  resistivity  of  the  matrix  material  should  not  be  greater  than  ten 
times  the  resistivity  of  the  powder.  This  excludes  common  dispersants 
since  they  are  usually  high  in  resistivity,  and  even  liquid  electrolytes 
of  strong  acids  and  bases.  The  only  suitable  materials  in  terms  of 
resistivity  and  ease  of  handling  are  moderately  low  melting  temperature 
alloys  such  as  tin-lead  solder  and  the  family  of  alloys  with  melting 
temperatures  near  100 °C  (Wood's  metal,  Rose's  metal,  etc.).  The  dispers¬ 
ing  procedure  will  be  to  melt  the  alloy,  add  the  powder,  and  mix  with  a 
propeller  while  under  a  vacuum  to  avoid  entrapment  of  air  as  a  third 
phase  and  to  minimize  oxidation  of  the  alloy. 

4.  Effects  of  Substrate  Expansion 

Substrates  with  coefficients  of  linear  thermal  expansion  varying 
from  2  to  10  x  10  /  C  have  been  obtained  and  flame  sprayed  with  a  thin 

coating  of  alumina  so  that  the  resistor-substrate  interface  will  be  the 
same  in  all  cases.  The  resistance  and  TCR  of  resistors  printed  and  fired 
on  these  substrates  will  be  measured  and  the  results  analyzed  in  light 
of  the  results  obtained  with  the  Ru02-glass  composities. 

5.  Test  of  Models 

The  sheet  resistance  and  TCR  of  resistors  and  conductors  will  be 
determined  as  a  function  of  volisne  fraction  of  conductive  phase  to  glass, 
and  as  a  function  of  particle  size  of  the  conducting  phase  and  of  the 
glass.  The  important  glass  parameters  (viscosity  and  surface  tension)  will 
be  varied  at  constant  thermal  expansion,  and  the  results  compared  with 
predictions  of  the  microstructure  model  and  the  interface  model.  Chemical 
additives  which  will  alter  the  electrical  properties  according  to  the 
interlace  model,  but  which  will  not  effect  microstructure  development 
will  be  utilized  to  further  test  the  interface  model. 


6.  Heals  toy  and  Conductor  Evaluation 

Predictions  of  the  micros  true ture  and  Interface  models  will  be 
utilized  to  develop  optimum  resistor  and  conductor  formulations  within 
the  given  materials  system.  The  performance  of  these  will  be  evaluated 
according  to  the  list  of  specifications  developed. 
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